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FROM: N. W. Hinners 

MEMORANDUM FOR F I L E  

The 1 9 7 1  Lunar Science Conference w a s  h e l d  January 11- 

1 4 ,  1 9 7 1 ,  i n  Houston, Texas. Although p r i m a r i l y  a forum t o  

p r e s e n t  r e s u l t s  of ana lyses  of Apollo 1 2  samples and ALSEP d a t a  

from Oceanus Procel larum, the conference a l so  d e a l t  wi th  Luna 1 6  

d a t a  (Mare F e c u n d i t a t i s )  and new informat ion  on Apollo 11 

(Mare T r a n q u i l l i t a t i s )  samples. For t h i s  review, d e t a i l e d  

r e f e r e n c e s  are omi t ted  because t h e i r  i n c l u s i o n  would double t h e  

s i z e  of t h i s  paper  and because of t h e  l a r g e  number of ove r l app ing  

and d u p l i c a t e  ana lyses :  i t  i s  assumed t h a t  t he  r eade r  i s  f a m i l i a r  

w i th  Apollo 11 r e s u l t s .  The complete se t  of  conference papers  

is expected t o  be publ i shed  as  one volume i n  t h e  f a l l .  

C r y s t a l l i n e  Rocks 

Grossly s i m i l a r  t o  those  of  Mare T r a n q u i l l i t a t i s ,  t h e  

c r y s t a l l i n e  rocks from Oceanus Procel larum a r e  b a s a l t s ,  e i t h e r  

ex t ruded  on t h e  l u n a r  s u r f a c e  as f l u i d  l a v a  flows o r  i n t r u d e d  

a t  shal low depths .  The Procellarum b a s a l t s  I however, w e r e  molten 

about 3.3 b i l l i o n  yea r s  ago as c o n t r a s t e d  wi th  ~ 3 . 7  b i l l i o n  y e a r s  

ago a t  T r a n q u i l l i t a t i s .  These ages a r e  based on rubidium-87 - 

strontium-87 and argon-39 - argon-40 age d a t i n g ;  it appears  a t  

t h i s  t i m e  t h a t  t h e  uranium, thorium, and l e a d  d a t e s ,  ~4 b i l l i o n  

y e a r s  i n  each case, a r e  l e a s t  understood i n  t h e  sense  t h a t  t h e r e  
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has  been a complex evo lu t ion  of those  elements .  Oxygen- 

i s o t o p e  geothermometry 2nd h e a t i n g  experiments i n d i c a t e  f i n a l  

c r y s t a l l i z a t i o n  a t  a temperature of %llOO°C and, as i n d i c a t e d  

by t h e  v i r t u a l  absence of f e r r i c  i r o n ,  t h e  presence  of e lementa l  

i r o n ,  and the europium anomaly i n  t h e  rare e a r t h  abundances, a t  

very  l o w  oxygen p a r t i a l  p re s su res  ( ~ 1 0  - I3  b a r ) .  

The main mineral  phases of t h e  Procel larum b a s a l t s  

are pyroxene, p l a g i o c l a s e ,  o l i v i n e  and i l m e n i t e  b u t ,  as  d i s t i n c t  

from T r a n q u i l l i t a t i s  basalts,  t h e r e  i s  a greater v a r i a t i o n  i n  t h e  

r e l a t i v e  amounts of pyroxene, p l a g i o c l a s e  and o l i v i n e  i n  

i n d i v i d u a l  rocks.  Both t e x t u r a l  and chemical r e s u l t s  show 

t h a t  much of t h i s  v a r i a t i o n  of t h e  s i l i ca t e s  i s  caused by 

f r a c t i o n a l  c r y s t a l l i z a t i o n  i n  which e a r l y - c r y s t a l l i z i n g  o l i v i n e  

and pyroxene g r a v i t a t i o n a l l y  s e t t l e d  towards t h e  base of  t h e  

e x t r u s i v e  or shal low i n t r u s i v e  u n i t s ,  d e p l e t i n g  t h e  remaining 

s i l i c a t e  m e l t  i n  those  components. Such near -sur face  f r a c t i o n -  

a t i o n  makes it d i f f i c u l t  t o  estimate t h e  bulk composition of 

t h e  rocks  which one needs i n  o rde r  t o  hypothes ize  a c c u r a t e l y  on 

t h e  composition of t h e  luna r  i n t e r i o r .  

P e t r o l o g i c  and chemical evidence i n d i c a t e s  t h a t  a t  

l eas t  t w o  b a s a l t i c  rock u n i t s ,  probably f lows ,  w e r e  sampled a t  

t h e  Apollo 1 2  s i t e .  The d i s t r i b u t i o n  of t h e  t w o  sample types  on 

t h e  l u n a r  s u r f a c e  was n o t  random b u t  correlates wi th  t h e i r  

l o c a t i o n s  i n  t h e  ejecta b lanke t s  r e l a t i v e  t o  craters assumed t o  

mark t h e i r  source  areas. T h i s ,  t hen ,  allows one t o  r e c o n s t r u c t  
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t h e  " s t r a t i g r a p h y "  a t  t h e  s i te  us ing  c r a t e r i n g  mechanics models, 

which show t h a t  rocks from i n i t i a l l y  g r e a t e r  depth are concen- 

t r a t e d ,  post-impact,  near  t h e  tops  of crater  rims, whereas 

i n i t i a l l y  sha l lower  rocks a re  found concent ra ted  f u r t h e r  o u t  

on t h e  e j e c t a  b l anke t s .  

I n  t e r m s  of average major-element chemis t ry ,  t h e  

Procel larum and Fecund i t a t i s  basal ts  (Luna-16) are s i m i l a r  

t o  those  a t  T r a n q u i l l i t a t i s  wi th  t h e  obvious except ion  of 

t i t a n i u m  (and potassium which might w e l l  be  cons idered  a 

minor element i n  t h e s e  rocks) which a lso i s  r e f l e c t e d  by a 

lower percentage of  t h e  m i n e r a l  i l m e n i t e  (FeTiO ) .  Because 

t h e r e  i s  no evidence t h a t  sugges ts  g r a v i t a t i o n a l  s e t t l i n g  of 

i l m e n i t e  a t  any s i t e  (which could cause  r e l a t i v e  enrichments 

or losses similar t o  t h a t  observed f o r  t h e  Procel larum s i l i c a t e s ) ,  

one may conclude t h a t  t h e  source r eg ions  d i f f e r  i n t r i n s i c a l l y  

i n  t i t a n i u m  content .  One mus t  remember, of course ,  t h a t  t h e r e  

are s i g n i f i c a n t  i n d i v i d u a l  sample d e v i a t i o n s  from t h e  average 

i n  t h e  Procel larum b a s a l t s  on account of t h e  f r a c t i o n a l  c rys-  

t a l l i z a t i o n .  

3 

Turning now t o  t r a c e  element chemistry,  t h e  r e a d e r  w i l l  

recal l  t h a t  t h e  t w o  types  of T r a n q u i l l i t a t i s  b a s a l t  had q r o s s l v  

d i f f e r e n t  trace element concen t r a t ions  (e .g .  , t h e  high potassium 

and rare e a r t h  b a s a l t  versus t h e  low potassium and rare e a r t h  

b a s a l t ) .  I n  c o n t r a s t ,  t h e  Procel larum basal ts  are g e n e r a l l y  

s i m i l a r  t o  each o t h e r  and most l i k e  t h e  l o w  potassium Tranqui l -  

l i t a t i s  b a s a l t s .  The b a s a l t i c  ch ips  i n  t h e  Luna-16 co re  from 
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Mare F e c u n d i t a t i s  are gross ly  s i m i l a r  t o  t h e  Procel larum and 

low-potassium T r a n q u i l l i t a t i s  b a s a l t s  . 
The Procel larum b a s a l t s  examined ( l i k e  t h o s e  of 

T r a n q u i l l i t a t i s  and F e c u n d i t a t i s )  e x h i b i t  a d e p l e t i o n  of so- 

c a l l e d  v o l a t i l e s  when compared w i t h  t h e  e a r t h  and t h e  c h o n d r i t i c  

me teo r i t e s .  This dep le t ion  i s  p a r t i c u l a r l y  w e l l  demonstrated 

by t h e  l o w  con ten t s  of water, a l k a l i e s ,  and lead .  The complete 

l a c k  of f l u i d  i n c l u s i o n s  (water conta in ing)  and t h e  p r a c t i c a l l y  

complete lack  of hydrous m i n e r a l s  (only a few c r y s t a l s  found so 

f a r )  confirm the  l o w  w a t e r  con ten t  of l una r  m a t e r i a l s .  If one 

i n t e r p r e t s  t h e  b a s a l t s  a s  a p a r t i a l - m e l t i n g  product  of t h e  

l u n a r  i n t e r i o r ,  then he  must conclude t h a t  t h e  sou rce  reg ion  

i s  even more deple ted  i n  v o l a t i l e s  than t h e  b a s a l t s .  This  i s  

c o n s i s t e n t  w i th  an i n t e r p r e t a t i o n  of r a r e  e a r t h  abundances which 

i n d i c a t e s  t h a t  t h e  source  m a t e r i a l  i s  enr iched  i n  r e f r a c t o r y  

elements .  

Because uranium, gene ra l ly  considered t o  be a r e f r a c t o r y  element,  

i s  p r e s e n t  i n  normal b a s a l t i c  concen t r a t ions ,  t h e  l o w  K/U (1000- 

3000)  and high U238/Pb204 ($500-2000) i n d i c a t e ,  r e l a t i v e  t o  

chondr i t e s  and e a r t h ,  loss of t h e  r e l a t i v e l y  v o l a t i l e  K and Pb. 

These d a t a  s t r o n g l y  i n d i c a t e  t ha t  luna r  material cannot  have 

o r i g i n a t e d  by d i r e c t  f i s s i o n  f r o m  t h e  ear th ' s  mantle. 

More convincing a r e  t h e  K/U and U238/Pb 2 0 4  va lues .  

Rock 12013 from Apollo 1 2  caused much exc i tement  

when it w a s  f i r s t  examined by t h e  Pre l iminary  Examination Team 

on account of t h e  l a r g e  amount of l i gh t - co lo red ,  g r a n i t i c  com- 

ponent  c h a r a c t e r i z e d  by t h e  minerals  q u a r t z  and potassium f e l d -  

s p a r .  (The reader  i s  advised t h a t  t h e  t e r m  " g r a n i t i c "  i s  be ing  



used only t o  d e s c r i b e  a composition. This usage i s  n o t  meant 

t o  convey any a p r i o r i  imp l i ca t ions  r ega rd ing  t h e  mode o f  o r i g i n ) .  

Subsequent d e t a i l e d  examination i n d i c a t e s  t h a t  t h e  g r a n i t i c  

component w a s  i n j e c t e d  (or " remobi l ized")  as a s i l i ca t e  m e l t  

4 . 0  b i l l i o n  yea r s  ago i n t o  a p r e - e x i s t i n g  dark  b a s a l t i c  s o i l  

o r  b r e c c i a  whose age appears t o  be %4.5 b i l l i o n  yea r s .  Rock 

1 2 0 1 3  r e p r e s e n t s  a f r u s t r a t i n g  sample i n  t h a t  i t s  p l a c e  of  

o r i g i n  i s  unknown and i t  i s  much m o r e  complex than t h e  s imple  

i n t e r p r e t a t i o n  above suggests .  The s i g n i f i c a n c e  of rock 1 2 0 1 3  

l i es ,  however, i n  showing that  g r a n i t i c  magmas can be produced 

wi thou t  a sedimentary c y c l e  (a  long-standing controversy wi th  

regard  t o  terrestr ia l  g r a n i t i c  rocks) and t h a t  some l u n a r  me l t ing  

took p l a c e  n e a r  t h e  t i m e  of l u n a r  o r i g i n .  The s p e c i f i c  mode 

of o r i g i n  of t h e  g r a n i t i c  component i s  s t i l l  a mystery,  b u t  

one p o s s i b l e  mode may be r e l a t e d  t o  s i l i c a t e  immisc ib i l i t y .  

Some evidence f o r  such a mechanism i s  provided by t h e  f a c t  t h a t  

normal l u n a r  b a s a l t s  contain a s m a l l  amount (a few p e r c e n t  a t  

m o s t )  of a g r a n i t i c  component which appears t o  r e p r e s e n t  an 

immiscible phase which sepa ra t ed  from the  s i l i c a t e  m e l t  l a t e  

i n  t h e  c r y s t a l l i z a t i o n  sequence ( a f t e r  %90% c r y s t a l l i z a t i o n )  . 
Nonetheless ,  some s o r t  of a concen t r a t ion  mechanism must be 

invoked; t h e  mechanism c u r r e n t l y  i n  f avor  i s  " f i l t e r - p r e s s i n g "  , 

whereby t h e  r e s i d u a l  s i l i c a - r i c h  l i q u i d s  are squeezed o u t  of  

t h e  c r y s t a l  ''mush", presumably by overburden p res su re .  
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S o i  1 

The s o i l  a t  Procellarum, l i k e  t h a t  a t  T r a n q u i l l i t a t i s ,  

i s ,  i n  l a r g e  p a r t ,  a product  of meteoroid-impact comminution 

of t h e  under ly ing  b a s a l t i c  rocks. Fragmental i n  n a t u r e ,  wi th  

a mean p a r t i c l e  s i z e  of %40-60 microns, t h e  s o i l  con ta ins  

abundant s i g n s  of t he  impacts,  i n c l u d i n g  shock f e a t u r e s  ranging 

from simple lamel lae  t o  complete  v i t r i f i c a t i o n .  The s o i l  l a y e r  

depth  ranges from less than h a l f  a m e t e r  on crater  r i m s  t o  

s e v e r a l  meters i n  i n t e r c r a t e r  a r e a s  ( d e f i n i n g  t h e  s o i l  depth as  

t h e  depth a t  which l a r g e  rock fragments are excavated by meteoroid 

impac t s ) .  P e c u l i a r  t o  t h e  Procellarum s i t e  i s  t h e  f a c t  t h a t  

t h e  s o i l  i s  q u i t e  heterogeneous i n  a lbedo,  w i th  obvious pa tches  

of l i g h t e r  s o i l  mixed wi th  a more "normal" dark s o i l .  

A s  do t h e  T r a n q u i l l i t a t i s  s o i l s ,  t h e  s o i l s  a t  

Proce l la rum give  rubidium-strontium and lead- lead  model ages 

(where one assumes t h e  i n i t i a l  i s o t o p i c  composition) c l u s t e r i n g  

around 4.5 b i l l i o n  y e a r s ,  o r  what one would expec t  (wish?) t o  

be t h e  age of t h e  moon. A t  Procel larum t h i s  c l e a r l y  p r e s e n t s  

a problem (as it d i d  a t  T r a n q u i l l i t a t i s )  i n  t h a t  t h e  r a d i o a c t i v e  

parent - rad iogenic  daughter  conten t  of t h e  s o i l  i s  g r e a t e r  than 

and i s o t o p i c a l l y  d i f f e r e n t  than t h a t  of t h e  under ly ing  rocks.  

Th i s ,  t hen ,  r e q u i r e s  t h a t  t h e  s o i l  must con ta in  an o l d  f o r e i g n  

component r e l a t i v e l y  r i c h  i n  r a d i o a c t i v e  elements ( thus  swamping 

o u t  t h e  e f f e c t  of t he  l o c a l  r o c k s ) .  



A d e t a i l e d  l o o k  a t  t h e  chemistry of Procel larum s o i l s  

shows them t o  be va r i ab ly  enr iched ,  re la t ive t o  t h e  b a s a l t s ,  

i n  a component designated by t h e  of t -quoted  acronym "KREEP,"  

i . e . ,  high i n  potassium (K), rare e a r t h  elements (REE) and 

phosphorus ( P ) .  I t  i s  the  l i g h t e r  s o i l  samples which e x h i b i t  

t h e  g r e a t e s t  enrichment,  apparent ly  as much as  6 0 %  o r  more. 

KREEP i s  mani fes t  i n  t w o  forms: 1) rock fragments c h a r a c t e r i z e d  

by t h e  e s s e n t i a l  minerals  orthopyroxene (a  very l o w  calcium 

v a r i e t y  of pyroxene) and p l a g i o c l a s e  and 2 )  a brown g l a s s  

equ iva len t .  Shock f e a t u r e s  a r e  common i n  both.  The chemistry 

and i s o t o p e  sys t ema t i c s  of t h e  KREEP component appear t o  be 

s u f f i c i e n t  t o  exp la in  many of t h e  chemica l  and age anomalies. 

Evident ly  r e p r e s e n t i n g  an anc ien t  l u n a r  rock pre-da t ing  t h e  

maria ,  t h e  KREEP rocks resemble r a t h e r  c l o s e l y ,  mine ra log ica l ly  

and chemical ly ,  bo th  Luny Rock 1 ( a  T r a n q u i l l i t a t i s  fragment 

g i v i n g  a model age of 4 . 4  b i l l i o n  y e a r s )  and the  dark p o r t i o n  of  

Rock 12013. 

Another Procellarum " fo re ign"  component (and i n  

F e c u n d i t a t i s  samples) i s  represented  by p l a g i o c l a s e - r i c h  rock 

fragments (commonly shocked and with g l a s s  e q u i v a l e n t s )  a l so  

i d e n t i f i e d  i n  T r a n q u i l l i t a t i s  samples and c a l l e d  " a n o r t h o s i t e .  'I 

These a n o r t h o s i t i c  fragments caused cons ide rab le  s t i r  dur ing  

Apollo 11 sample ana lyses ,  because t h e  occurrence of  such 

p l a g i o c l a s e - r i c h  rocks somewhere on t h e  moon i s  necessary t o  

e x p l a i n  t h e  europium anomaly i n  t h e  m a r e  b a s a l t s .  (Under t h e  
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g r e a t l y  reducing cond i t ions  p r e s e n t  i n  l u n a r  s i l i c a t e  m e l t s ,  

a s i g n i f i c a n t  p ropor t ion  of t he  europium i s  i n  t h e  +2 valence  

s t a t e  r a t h e r  than + 3  l i k e  t h e  o t h e r  rare e a r t h s  and, hence,  i s  

p r e f e r e n t i a l l y  concent ra ted  i n  p l a g i o c l a s e  r e l a t i v e  t o  o l i v i n e  

and pyroxene. ) 

Where do KREEP rocks and a n o r t h o s i t e s  come from? N o t  

from any of t h e  local l a v a  f l o w  u n i t s  so f a r  sampled. Seve ra l  

i n v e s t i g a t o r s  have a t t r i b u t e d  a highlands source  t o  t h e  

a n o r t h o s i t e s  based mainly upon t h e i r  l o w  d e n s i t y  of ~ 2 . 8  g/cc 

( t h e  topographica l ly  h i g h e r  h ighlands ,  i n  i s o s t a t i c  equ i l ib r ium,  

must be of l o w e r  dens i ty  than t h e  maria [ ~ 3 . 3  g /cc l )  

and chemical s i m i l a r i t y  t o  highlands as determined by t h e  

Surveyor 7 a n a l y s i s  a t  Tycho. The KREEP component a t  Procel larum 

has  been specu la t ed  t o  be der ived  from one o r  more of t h e  

fo l lowing  t h r e e  sources :  F r a  Mauro formation (Imbrium e j e c t a )  

which occurs nea r  the Apollo 1 2  Procel larum s i t e ;  t h e  submare 

s u r f a c e  a t  t h e  s i t e ;  o r  t h e  Copernican ray which crosses t h e  

s i t e .  Because t h e  pre-mare s u r f a c e  a t  Procel larum is  probably 

F r a  Mauro formation and because t h e  Copernican impact p e n e t r a t e d  

s o m e  th ickness  (%l km) of F r a  Mauro formation,  it seem q u i t e  

probable  t h a t  t h e  u l t i m a t e  source  of KREEP i s  Imbrium ejecta 

o r  Fra Mauro formation. S i g n i f i c a n t l y ,  i n i t i a l  examination of 

Apollo 14 samples from Fra Mauro i n d i c a t e s  much h ighe r  pro- 

p o r t i o n  of KREEPy m a t e r i a l  than a t  a l l  l una r  si tes sampled thus  

fa r .  
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Breccias 

The few l a r g e  b r e c c i a  samples r e tu rned  from Procel larum 

con ta in  a s i g n i f i c a n t  KREEP component s i m i l a r  t o  t h a t  of  t h e  

l i g h t  s o i l s .  S m a l l e r  b recc i a  fragments ( <  1 c m . )  i n  t h e  s o i l  

con ta in  no t  only t h e  KREEP-type fragments,  b u t  also r ep resen ta -  

t i v e  local b a s a l t i c  fragments and b a s a l t i c  g l a s s e s .  Grossly 

s i m i l a r  t o  those  found a t  T r a n q u i l l i t a t i s ,  t h e  b r e c c i a s  a t  

Procel larum have been formed by vary ing  degrees  of l i t h i f i c a t i o n  

of t h e  s o i l  f i n e s .  L i t h i f i c a t i o n  t akes  many forms ranging  from 

s imple  compaction under impact c r a t e r s  t o  thermal welding 

( e s p e c i a l l y  of KREEP-type) which perhaps occurred i n  a p u t a t i v e  

base-surge a s s o c i a t e d  wi th  a d i s t a n t  l a r g e  impact. 

Processes 

Cra te r ing  i s  a dominant process  i n  c r e a t i n g  t h e  

s u r f a c e  fragmental  d e b r i s  l a y e r ,  a s  evidenced by t h e  crater 

d e n s i t y  on t h e  m a r e  s u r f a c e  a t  Procel larum, by the  impact 

p i t t e d  s u r f a c e s  of rocks,  and by t h e  presence of shock f e a t u r e s  

i n  t h e  s o i l  p a r t i c l e s .  Based on s tudy  of t h e  impact -p i t  

d e n s i t i e s ,  cosmic ray  exposure ages ,  and l abora to ry  c r a t e r i n g  

s t u d i e s ,  t h e  new conclusion has  been reached t h a t  t h e  dominant 

mechanism of rock e r o s i o n  is  c a t a s t r o p h i c  rup tu re  r a t h e r  than  

t h e  s t eady  chip-chip of micrometeoroid bombardment. The long- 

term average r a t e  of the l a t t e r  i s  e s t ima ted  t o  be only 2-4 A/ 
0 

yea r .  This  i s  comparable t o  t h a t  a t t r i b u t a b l e  t o  solar  wind 

o r  solar  cosmic ray e ros ion  by d i r e c t  s p u t t e r i n g  o r  by t h e  

f lak ing-of f  o f  r a d i a t i o n  damaged l a y e r s .  
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Accurate estimates of s o l a r  wind o r  f l a r e  (solar  

cosmic ray )  p a r t i c l e  e ros ion  r a t e s  w e r e  no t  p o s s i b l e  b e f o r e  

t h e  r e t u r n  t o  e a r t h  of Surveyor 3 g l a s s  which w a s  exposed t o  

t h e  space environment f o r  2.6 yea r s .  The e s t ima ted  rates are 

e s t a b l i s h e d  by comparing r a d i a t i o n  damage t r a c k  d e n s i t y  versus  

depth p r o f i l e s  i n  rock su r faces  w i t h  t rack p r o f i l e s  seen  i n  

t h e  uneroded Surveyor 3 g l a s s .  That same g l a s s  shows t h a t  

i r o n  group n u c l e i  are p resen t  i n  much h i g h e r  abundance r e l a t i v e  

t o  helium, i n  s o l a r  cosmic rays ,  than  p rev ious ly  thought  and 

t h a t  one does n o t  need i n o r d i n a t e l y  long exposure t i m e s  t o  

o b t a i n  t h e  l a r g e  t r a c k  d e n s i t i e s  seen  i n  some s o i l  p a r t i c l e s  

and which has l e d  t o  specu la t ion  t h a t  such p a r t i c l e s  a r e  i n t e r -  

p l a n e t a r y  d u s t  acc re t ed  on t h e  luna r  s u r f a c e .  

I t  i s  becoming ev iden t ,  al though t h e  d e t a i l s  and 

r e l a t i v e  magnitudes of t h e  e f f e c t s  a r e  deba tab le ,  t h a t  t h e  s o l a r  

wind and cosmic ray bombardment and micrometeoroid impact can 

a l t e r  t h e  s u r f a c e  o p t i c a l  p r o p e r t i e s  of l u n a r  s o i l .  P e r t i n e n t  

impor tan t  observa t ions  inc lude :  1) evidence f o r  vapor depos i ted  

s u r f a c e  f i lms  ( i r o n  d i r e c t l y  observed, l e a d  i n d i r e c t l y  observed) ; 

2 )  an a lbedo-rad ia t ion  t r ack  dens i ty  c o r r e l a t i o n ;  3)  t h e  

ubiqui tous  presence ( a l l  Surveyor, a l l  Apollo s i tes )  of  a t h i n  

l a y e r  ( <  1 mm) of h ighe r  albedo s u r f a c e  s o i l  ove r ly ing  a da rke r  

subsur face  s o i l  ( t h i s  l i g h t  l a y e r  i s  n o t  to be confused wi th  

t h e  KREEP-enriched l i g h t  s o i l s ) ;  and 4 )  a p a r t i c l e  s u r f a c e  

d e p l e t i o n  of l i g h t  i s o t o p e s  of carbon, oxygen, and s i l i c o n .  
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The p o s t u l a t e d  l o w  e r o s i o n  rate impl ies  a s l o w  

turn-over r a t e  f o r  l u n a r  s u r f a c e  m a t e r i a l ,  c o n s i s t e n t  w i th  

t h e  l a y e r i n g  observed i n  a double-core taken  a t  t he  Procel larum 

s i t e .  However, t h e  T r a n q u i l l i t a t i s  and other Procel larum 

cores  and even segments of  the  s t r a t i f i e d  core appear w e l l -  

mixed on t h e  b a s i s  of p a r t i c l e  s i z e  d i s t r i b u t i o n ,  r a d i a t i o n  

t r a c k  d e n s i t i e s ,  and solar wind gas conten t .  This dichotomy 

may be r e so lved  by a t t r i b u t i n g  t h e  d e r i v a t i o n  of i n d i v i d u a l  

l a y e r s  t o  s p e c i f i c  i nd iv idua l  e jecta  d e p o s i t s  from nearby 

craters,  wi th  such ejecta l aye r s  be ing  de r ived  from near-  

s u r f a c e  (few cen t ime te r s )  , well-mixed m a t e r i a l s .  I t  should 

be noted  t h a t  one coarse l a y e r  i n  t h e  s t r a t i f i e d  core i s  n o t  

well-mixed, has a l o w  s o l a r  wind con ten t ,  and con ta ins  p a r t i c l e s  

w i t h  l o w  r a d i a t i o n  t r a c k  dens i ty .  

A face-value cornparifson of t h e  crater d e n s i t y  of t h e  

m a r e  s u r f a c e  a t  T r a n q u i l l i t a t i s  wi th  t h a t  a t  Procel larum, 

( ~ ~ 1 . 5 : l  t o  3 : l  f o r  c r a t e r s  > 1 km diameter )  when matched up 

w i t h  t h e  ages of 3 . 7  and 3.3 b i l l i o n  y e a r s ,  r e s p e c t i v e l y ,  leads 

one t o  t h e  conclusion t h a t  t h e  rate of  l u n a r  s u r f a c e  c r a t e r i n g  

has  decreased wi th  t i m e .  Since t h e  average highlands t o  m a r i a  

crater d e n s i t y  r a t i o  is  >32:1 and s i n c e  highlands are u n l i k e l y  

t o  be o l d e r  than  4.5 b i l l i o n  y e a r s ,  it fol lows t h a t  m o s t  of t h e  

decrease  w a s  i n  t h e  f i r s t  b i l l i o n  yea r s .  The c r a t e r i n g  o b j e c t s  

are thought  t o  r ep resen t  the l a s t  of t h e  bodies a c c r e t i n g  t o  

form t h e  moon. 
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The Apollo 1 2  ALSEP (Apollo Lunar Surface  Experiments 

Package) so la r  wind spectrometer  i n d i c a t e s  t h a t  t h e  s o l a r  wind 

impinges d i r e c t l y  on t h e  lunar s u r f a c e ,  c o n s i s t e n t  wi th  t h e  

l a r g e  amounts of noble gases found i n  t h e  l u n a r  s o i l  f i n e s .  

Comparison wi th  t h e o r e t i c a l  solar  wind elemental  and i s o t o p i c  

abundances and wi th  r e s u l t s  from a n a l y s i s  of t h e  gases  t rapped  

i n  t h e  aluminum f o i l  o f  t h e  Solar  Wind Composition Experiment 

sugges t s  t h a t  most of t h e  gases e x t r a c t e d  from t h e  s o i l  are 

of so l a r  wind o r i g i n .  Evidently only a s m a l l  p ropor t ion  i s  

due t o  cosmic ray-induced s p a l l a t i o n ,  n a t u r a l  r a d i o a c t i v e  decay 

( i n c l u d i n g  f i s s i o n )  , and t rapped l u n a r  "atmosphere. 'I I n f e r r i n g  

p a s t  s o l a r  wind composition appears  p o s s i b l e  b u t  i s  complicated 

by d i f f u s i v e  loss  of t h e  su r face -co r re l a t ed  s o l a r  wind gases .  

One of t h e  anomalies noted i n  t h e  T r a n q u i l l i t a t i s  r e s u l t s  w a s  

an excess  (compared w i t h  expected) of xenon-131 i n  t h e  non-solar  

component. Fu r the r  work  i n d i c a t e s  t h a t  t h i s  i s  due t o  a neutron- 

cap tu re  e f f e c t  on barium-130, barium be ing  abnormally h igh  i n  

s o m e  l u n a r  samples. 

A s  w i t h  Apollo 11 samples, t h e r e  i s  remnant magnetism 

i n  t h e  r e t u r n e d  Apollo 1 2  samples, i n d i c a t i v e  of an inducing  

f i e i d  of up t o  2000-3000y wheii the rocks cooled 'Urough the 

c u r i e  p o i n t  some 3.3 b i l l i o n  y e a r s  ago. The p r e f e r r e d  inducing  

source  seem t o  be an indigenous l u n a r  f i e l d .  The magnetometer 

on ALSEP d e t e c t e d  a s m a l l  (%38y) s t eady  magnetic f i e l d  o f  pre-  

sumably l o c a l  b u t  unknown o r i g i n .  I n  a d d i t i o n  t o  t h e  DC f i e l d ,  
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t h e  magnetometer a l s o  records an AC induced f i e l d  d r iven  

by the  so la r  wind f i e l d s .  A s p e c t r a l  a n a l y s i s  of t h e  inducing ,  

as compared t o  t h e  d r i v i n g ,  f i e l d s  , allows one t o  estimate 

e lec t r ica l  conduc t iv i ty  of the l u n a r  i n t e r i o r .  This  appears 

t o  average mhos/meter a t  depths between about 50 and 

1 1 0 0  km and, may correspond t o  temperatures  of less than 

~ 7 0 0 O C .  B e l o w  1 1 0 0  km, t h e  conduct iv i ty  is  repor t ed  as averaging  

about lo'* mhos/m corresponding t o  ~ 8 0 0 ~  - 1000°C.  A p re l imina ry  

i n t e r p r e t a t i o n  also shows a conduc t iv i ty  "sp ike"  a t  %150 km. 

depth which, assuming no thermal g r a d i e n t  reversal, would 

r e f l e c t  a change i n  composition. 

The apparent  deep l a y e r i n g  sugges ted  by t h e  e lec t r ica l  

conduc t iv i ty  p r o f i l e s  i s  i n  c o n t r a s t  t o  t h e  l a c k  of l a y e r i n g  

i n  t h e  upper 15-20  km. as  repor ted  by t h e  ALSEP seismic expe r i -  

menters based on a n a l y s i s  of s p e n t  s p a c e c r a f t  impacts.  Although 

be ing  s e i s m i c a l l y  q u i e t ,  compared t o  e a r t h ,  t h e  moon does 

respond s e i s m i c a l l y  t o  t i d a l l y  induced stresses as evidenced 

by t h e  c o r r e l a t i o n  of moon quakes wi th  l u n a r  pe r igee .  Most of  

t h e s e  l u n a r  quakes s e e m  t o  come from t h e  same a r e a  ( a  r i l le  

reg ion  near  t h e  crater  F r a  Mauro) , i n  c o n t r a s t  t o  t h e  random 

l o c a t i o n  of se i smic  even t s  caused by meteoroid impact. The 

complex propagat ion of se i smic  energy  i n  t h e  l u n a r  i n t e r i o r  

( t h e  high Q and long  dura t ion)  permits  several models i nvo lv ing  

m u l t i p l e  s c a t t e r i n g  and i s  compatible wi th  t h e  p o s s i b i l i t y  t h a t  

i n d i v i d u a l  near -sur face  lava flows are h igh ly  f r a c t u r e d  and 

p o s s i b l y  t h i n  i n  t h e  aggregate.  
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Organic Material 

Analysis of t h e  Procel larum s o i l  f i n e s  i n d i c a t e s  

%lo0 ppm of  carbon, similar t o  t h a t  i n  T r a n q u i l l i t a t i s  s o i l .  

Most of t h i s  i s  e v i d e n t l y  p r e s e n t  as eIementa1 carbon ( s o l a r  

winds s o u r c e ? ) ,  carb ides  (meteorite d e b r i s ? )  and methane, i n  

o r d e r  of r e l a t i v e  abundance. Organic material  p r e s e n t  as amino 

a c i d s  and/or porphyrins is a t  t h e  few t e n s  of  p a r t s  p e r  b i l l i o n  

leve l  -- a t  most, and i t  has not been convincingly shown t h a t  con- 

tamina t ion  i s  n o t  respons ib le  f o r  a l l  o rgan ic  matter so f a r  

repor ted .  Searches f o r  l i f e - l i k e  morphologies have been 

completed negat ive .  

O r i g i n  of the Moon, Meteori tes  and T e k t i t e s  

The Conference w a s  marked by a remarkable r e s t r a i n t  

( r e l a t ive  t o  t h e  Apollo 11 conference) wi th  r ega rd  t o  p o s t u l a t i n g  

schemes poss ib ly  r e l e v a n t  t o  the  moon's o r i g i n .  The m o s t  

p e r t i n e n t  observa t ion  seem t o  be t h a t  t he  e n t i r e  moon i s  

dep le t ed  i n  v o l a t i l e s  r e l a t i v e  t o  c h o n d r i t i c  me teo r i t e s  and 

e a r t h  which makes a "d i rec t - f i ss ion- f rom-ear th"  o r i g i n  h igh ly  

u n l i k e l y .  Models i nco rpora t ing  a c c r e t i o n  of t h e  moon from a 

g e o c e n t r i c  "high-temperature-origin" s w a r m  of  matter have thus  

gained i n  p o p u l a r i t y ,  al though proponents o f  models i nvo lv ing  

cap tu re  see no reason t o  back o f f .  

Compositional evidence accumulating sugges ts  t h a t  m o s t  

meteorites do no t  have a luna r  o r i g i n ,  although t h e r e  i s  s t i l l  

a weak p o s s i b i l i t y  t h a t  some b a s a l t i c  achondr i t e s  may have a 
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l u n a r  o r i g i n .  The e x i s t e n c e  of many l u n a r  rock types which 

are n o t  r ep resen ted  i n  me teo r i t e  c o l l e c t i o n s  provides  compell ing 

ev idence  t h a t  no  meteorites have come from t h e  moon. The 

g e n e r a l  chemical s i m i l a r i t y  of b a s a l t i c  achondr i t e s  w i th  l u n a r  

b a s a l t s  i s ,  however, good evidence t h a t  s i m i l a r  igneous pro-  

cesses w e r e  a t  work i n  d i f f e r e n t  p l a n e t a r y  o b j e c t s  soon a f t e r  

the o r i g i n  of  t h e  s o l a r  system. 

Data now a v a i l a b l e  i n d i c a t e  t ha t  t e k t i t e s  do n o t  

o r i g i n a t e  on t h e  moon, b u t ,  on t h e  o ther  hand, they  do  n o t  seem 

t o  o r i g i n a t e  anywhere i f  one looks a t  a l l  t h e  evidence.  Such 

is t h e  s t a t e  of many " e x t r a t e r r e s t r i a l "  problems. W e  e a g e r l y  

a w a i t  t h e  nex t  Lunar Science Conference. 

20 15-NWH-dmu ' N .  W.  H i n n e r s  

copy t o  
See Last  Page 


